NOMENCLATURE

INTRODUCTION
Stiffened and unstiffened steel flat panels form the basic members for the deck structure and habitation units in ship as well as offshore structures. Even though for stiffened panels, thin plates between stiffeners are integral part of flat panels. The ultimate strength of these elements is important from view point of design and safety since collapse of plate due to local buckling is Corresponding author: Joo-Sung Lee e-mail: jslee2@ulsan.ac.kr one of the important basic failure modes. A typical ship deck between the bulkheads and deep longitudinal components is shown in Fig. 1 .The bending rigidities of the boundary edges of plates between transverse frames and longitudinal stiffeners are quite high compared with that of the plate itself. The rotational restraints along the plate edges can be assumed to be small for plates subjected to axial compression. Hence, the plate elements in the current study are considered as simply supported along all edges. In general, the loading cases in ship and offshore panels are complex, which include axial, biaxial compression and the combination of in-plane loading with lateral pressure. Among all loading cases, uniaxial loading is the basic and the most common case for unstiffened plate structure. Additionally, yielding strength is considered as the ultimate strength of plate as it is subjected to uniaxial tension. It is, therefore, assumed that all these unstiffened plates are designed to withstand only the uniaxial compression due to sagging and hogging moments.
Openings are required for passage of piping, ducts and other accessories for maintenance purposes. In practice, the openings are generally located in the plate such that, center of opening coincides with the center of plate or along longitudinal direction. However, there are some exceptions to above rules. Thus the case of position of openings changed along transverse direction may also be found in practice. Rectangular opening and circular opening are common opening types, in this study, only rectangular opening is considered. Even though the common manhole's size is 800 × 600 mm, they are not same in ship and offshore structure. Openings are often stiffened by flanges or double plate. However, in this paper, we focus more on the influences of different design parameters with respect to plate and opening on the ultimate strength of structure, which is important during the initial design stage. Therefore, we simplified the opening without flange or double plate.
Review of existing fruit and merits over them
It is evident that opening reduces the ultimate strength of plate, and a lot of literatures on the ultimate strength of plate with different openings and subjected to various load are described. In the literature, Narayanan and Chow (1984) developed design charts based on ultimate capacity of uniaxial compressed perforated plates with square and circular opening. Roberts and Azizian (1984) generated interaction curves for ultimate strength of square plates with central square and circular holes subjected to uniaxial compression, biaxial compression and pure shear. Narayanan and Chan (1985) presented design charts based on ultimate strength of plates containing circular holes under linearly varying edge displacements. Jwalamalini et al. (1992) developed the design charts for the stability of simply supported square plate with opening under in-plane loading as uniform compression and trapezoidal loads. Madasamy and Kalyanaraman (1994) presented the analysis of plated structures with rectangular cutouts and internal supports using the spline finite strip method. Motok (1997) carried out stress concentration studies on the contour of a plate opening of an arbitrary corner radius of curvature. Shanmugam et al. (1999) presented the design formula for simply supported and clamped boundary conditions. Paik et al. (2001) presented ultimate strength formulations for ship plating under combined biaxial compressions/tension, edge shear, and lateral pressure loads. Bambach and Rasmussen (2002) carried out the test of unstiffened elements under different combined compression and bending cases. Khaledet et al. (2004) employed finite element method to determine the elasto-plastic buckling stress of uniaxial loaded simply supported square and rectangular plates with circular openings. Kumar et al. (2007) used the commercial package ANSYS to analyze ultimate strength of square plate with central rectangular opening along the loading direction under axial compression. Mohtaram et al. (2011) studied the experimental and numerical investigation of buckling in rectangular steel plates with grooveshape cut out and clamped supported at upper and lower ends and free supported in the other ends.
Based on above practical engineering analysis and literature review, it is observed that there is lack of studies on the ultimate strength of square plate with varying position openings under axial compression. In the condition of having no impact on design function, it is very significant to know where to cut the openings so that the ultimate strength is reduced as least as possible. Additionally, Cui and Mansour (1998) illustrated that "because of the complexity of the problem, the most frequent answer to the method for determining the ultimate strength of plates accurately is the use of finite element method (FEM)". However, FEM is time consuming and this is not favored by designers. Therefore, convincing design formulae for ultimate strength of plate with opening are still in urgent need for the designer.
There are several merits over the research works mentioned before. First of all, as a special case, longitudinal opening (as defined below) is taken into account, secondly, the influence of opening location to the ultimate strength is presented. The design formulae proposed here have enough precision for engineering application and can be employed in practice.
NONLINEAR FINITE ELEMENT STUDY
Generally speaking, longitudinally framed system is used frequently in ship and offshore structure. The longitudinally framed system has remarkably lower spacing between longitudinal stiffeners as compared to the spacing between web frames. Toulios and Caridis (2002) proposed that ultimate strength of unstiffened plate without opening to be maximum for an aspect ratio of / 1.0 A B = , and also presented the reduced factors induced by aspect ratio ranged from 1 to 3.5. In practical application, the corresponding reduced factor of aspect ratio should be taken into consideration and compensation should be made to the ultimate strength of the structure. Therefore, an unstiffened plate of size 500×500 mm ( A B × ) is taken into account for the present study. Plate slenderness parameter is defined as The finite element analysis package, ABAQUS, is used for modeling, analysis and post processing of unstiffened plate with rectangular opening under uniaxial compression. Modeling of unstiffened plate involves generation of two square plates of size 500 500 × mm and a b × (opening depth × opening width) respectively. Using the "cut geometry" option available in the "Merge/Cut Instances" operation under the "Assembly" part, the rectangular area is deleted. Thus the geometry of an unstiffened plate with rectangular opening is developed. Fig. 4 shows a typical finite element mesh used in the present analysis, the unstiffened plate is discretized into 8 node quadrilateral elements. The element has six degrees of freedom per each node: three translations ( x u , y u , and z u ) and three rotations ( x R , y R , and z R ). Boundary condition is shown in Fig. 5 . All the nodes along the boundary are restrained for deflection and rotation in vertical direction ( z u and 0 z R = ). Additionally, all the nodes along unloaded (longitudinal) edges are coupled for in-plane displacement ( x u ) to make sure that the displacement along the plate end is uniform. All the nodes along loaded edge are MPC constrained in one reference point, in which the displacement loading is applied. The plating in ships is usually continuously welded along the plate-stiffener intersection and it is well established that the welding process introduces a residual stress field and an associated initial distortion in the plate and stiffener. The initial geometrical imperfections and residual stresses significantly influence the ultimate strength of stiffened panels. However, regarding the object of study to be pure unstiffened plate, then it can be safely assumed that no welding or other manufacturing process was implemented. Hence no measurement was made to determine the initial distortion and residual stresses of plate. In the future study, the ultimate strength of stiffened panels with opening will be carried out, and novel method to consider the initial distortion and residual stresses will be proposed. Even for pure plating with opening, if initial imperfections are taken into account, the work of various authors on the effect of initial imperfections on the ultimate strength of plate without opening, such as Paik et al. (1999) and Cui and Mansour (1998) and so on, can be referred. Both geometric and material nonlinearities are considered in the analysis. Large displacement option is activated in geometric nonlinear analysis. Material nonlinearity is modeled using an incremental plasticity theory assuming the material to be elastic-ideal plastic. The nonlinear calculation type is "Static, Riks", maximum number of increments is 100, initial and minimum values of "Arc length increment" are 0.1 and 12 1 10 − × , respectively. The mesh size is selected as 25 25 × mm to balance the calculation convergence and consuming time, more details can be found in Table 1 (Kumar et al., 2007) , that were obtained by a study of unstiffened plate without opening. Kumar et al. (2007) and the present study is made to confirm that the present nonlinear analysis procedure is reasonable. 
RESULTS AND DISCUSSION
A typical plot for the models with thickness of 8 mm ( 2.21 β = ) is shown in Fig. 7 , and ultimate load-carrying capacity is defined as the peak point. The results for other models with transverse center opening are shown in Table 2 including the comparison with published result (Kumar et al., 2007) . We can found the discrepancy rate between published results and present results is relatively. Fig. 7 Typical plot of Axial load/axial deformation for model P4 when 2.27 β = . Fig. 8 illustrates the effect of plate slenderness parameter on ultimate strength of models with transverse center opening for varied opening area ratio. It is observed that, for slenderness parameter of 1.18~3.54 and area ratio of more than 0.12, the models with transverse center rectangular opening fail by yielding. Otherwise, as plate slenderness parameter is less than 1.47, they still fail by yielding regardless of opening area ratio. Models with longitudinal opening do not fail by yielding, and their ultimate strength change a little for different opening area ratio. Table 3 shows the results of models with longitudinal center opening and Fig. 9 shows the effect of opening area ratio on ultimate strength of models with both case 1 and case 2 with varying plate slenderness parameter. It is observed that the ultimate Fig. 9 Effect of opening area ratio on ultimate strength of both transverse and longitudinal opening for varied plate slenderness parameter. strength of models with longitudinal opening changes a little with varying AR . Meanwhile, for models with transverse opening, the ultimate strength changes a lot for different AR . Also, it can be also found that when plate slenderness parameter is less than 1.77, the variation of ultimate strength of plate with transverse opening is linear while the variation is nonlinear for plate slenderness parameter greater than 1.77. Regarding opening area ratio of 0.04, the effect of position ratio on ultimate strength of plate with both transverse and longitudinal opening for varying plate slenderness parameter is shown in Fig. 10 . As it can be seen in Fig. 10 , the ultimate strength varies a little with respect to PR in case of models with transverse opening. Meanwhile, the change is very great for models with longitudinal opening. For β =3.54, 2.95, 2.21, 1.77 and 1.47, the corresponding variance ratio of case 2 is 23. 04, 19.93, 11.21, 4 .58 and 0.84% respectively. Furthermore, the influence of opening position ratio on the ultimate strength of models with longitudinal opening must be taken into account when plate slenderness parameter is greater than 1.77. The results of other models with plate slenderness parameter of greater than 1.77 are shown in Table 4 . 
DESIGN FORMLAE FITTING
Empirical formulae are useful in practical design. In the present study, the formulae to predict the strength reduced parameter ( u y σ σ ) of plate with rectangular opening are categorized into three types:
• Type 1 : ultimate strength for plates of slenderness parameter 1.18~3.54 with transverse opening.
• Type 2 : ultimate strength for plates of slenderness parameter 1.18~3.54 with longitudinal center opening ( 0 PR = ) and plates of slenderness parameter1.77~3.54 with longitudinal side opening ( 0 PR ≠ ).
• Type 3 : ultimate strength for plates of slenderness parameter 1.18~1.77 with longitudinal side opening ( 0 PR ≠ ).
The effect of yield stress ( y σ ) and modulus of elasticity ( E ) of the plate can be taken into account in the calculation of plate slenderness parameter( β ), consequently, for the first and second types, the equation to predict the strength reduced parameter( 
Regarding the predicting formula for type1 and type2, the influence of PR can be ignored, and therefore Eq. (2) can be expressed in the simpler form as following:
Since the fitted formulae have only two variables, "sftool" command of MATLAB is expedient for fitting the surfaces. The type of fitted equation is selected as polynomial. Furthermore, ensuring mean of ratios of
(as defined below) is around 1.0 as well as COV of less than 10%, the polynomial is fitted with least order as possible. However, PR must be considered for type3 predicting formula, method of surface fitting is invalid. To solve this problem, only second item in Eq. (1) is taken into account,
Taking the natural logarithm for both sides of above expression yields, 
Using the results in Tables 2, 3 and 4, coefficients (7) and (8), respectively, and their COV s are 2.84, 1.72 and 9.9% for Eqs. (6), (7) and (8), respectively. The mean and COV s of design formulae are quite good. Therefore it can be said that they can be practically used in design of plate members. Fig. 11 Comparison of Eq. (6) with numerical results. Fig. 12 Comparison of Eq. (7) with numerical results. 
SUMMARY AND CONCLUSIONS
This study has been mainly concerned with the ultimate strength of plate having two different types opening (case 1 and case 2) under uniaxial compression. Furthermore, the effect of opening position on ultimate strength has been investigated. Based on the present numerical results, the design formulae considering all influence factors are proposed.
Variation of ultimate strength with different slenderness parameter ( β ) and opening area ratio ( AR ) for the plate with transverse opening (case1) is much higher than the plate with longitudinal opening (case2). For slenderness parameter of 1.18~ 3.54 and area ratio more than 0.12, the models with transverse center rectangular opening fail by yielding. Moreover, as plate slenderness parameter is less than 1.47, the plate also fails by yielding regardless of opening area ratio. In addition to these findings, when plate slenderness parameter is less than 1.77, the variation of ultimate strength of plate with transverse opening is linear meanwhile the variation is nonlinear for plate slenderness parameter more than 1.77.Opening position ratio ( PR ) has no effect on the ultimate strength of plate with transverse opening. However, the influence of opening position ratio on the ultimate strength of plate with longitudinal opening depends on the plate slenderness parameter ( β ): when β is less than 1.77, the influence can be neglected, and otherwise the influence must be considered. From the comparison of predicting formulae with numerical results, the equations proposed in this study can be used in real practice.
